We present extensive photometry at ultraviolet (UV), optical, and near-infrared (NIR) wavelengths, as well as dense sampling of optical spectra, for the normal type Ia supernova (SN Ia) 2005cf. The optical photometry, performed at eight different telescopes, shows a 1σ scatter of 0.03 mag after proper corrections for the instrument responses. From the well-sampled light curves, we find that SN 2005cf reached a B-band maximum at 13.63 ± 0.02 mag, with an observed luminosity decline rate ∆m 15 (B) = 1.05 ± 0.03 mag. The correlations between the decline rate and various color indexes, recalibrated on the basis of an expanded SN Ia sample, yield a consistent estimate for the host-galaxy reddening of SN 2005cf, e.g.,E(B − V ) host = 0.09 ± 0.03 mag. The UV photometry was obtained with the Hubble Space Telescope and the Swift Ultraviolet/Optical Telescope, and the results match each other to within 0.1-0.2 mag. The UV light curves show similar evolution to the broadband U , with an exception in the 2000-2500Å spectral range (corresponding to the F220W/uvm2 filters), where the light curve appears broader and much fainter than that on either side (likely owing to the intrinsic spectral evolution). Combining the UV data with the ground-based optical and NIR data, we establish the generic UV-optical-NIR bolometric light curve for SN 2005cf and derive the bolometric corrections in the absence of UV and/or NIR data. The overall spectral evolution of SN 2005cf is similar to that of a normal SN Ia, but with variety in the strength and profile of the main feature lines. The spectra at early times displayed strong, high-velocity (HV) features in the Ca II H&K doublet and NIR triplet, which were distinctly detached from the photosphere (v ≈ 10, 000 km s −1 ) at a velocity ranging from 19,000 to 24,000 km s −1 . One interesting feature is the flat-bottomed absorption observed near 6000Å in the earliest spectrum, which rapidly evolved into a triangular shape and then became a normal Si II λ6355 absorption profile at about one week before maximum brightness. This pre-maximum spectral evolution is perhaps due to the blending of the Si II λ6355 at photospheric velocity and another HV absorption component (e..g., Si II shell at a velocity ∼18,000 km s −1 ) in the outer ejecta, and may be common in other normal SNe Ia. The possible origin of the HV absorption features is briefly discussed.
INTRODUCTION
Type Ia supernovae (SNe Ia) play important roles in diverse areas of astrophysics, from chemical evolution of galaxies to observational cosmology. They, together with the core-collapse SNe, are responsible for most of the heavy elements in the universe. SNe Ia have also been used over the past decade as the most powerful tool probing the expansion history of the universe. Owing to a relatively homogeneous origin -probably an accreting carbon-oxygen white dwarf (WD) with a mass close to the Chandrasekhar limit (∼1.4 M ⊙ ) in a binary system (for a review see Hillebrandt & Niemeyer 2000) -most SNe Ia show strikingly similar spectral and photometric behavior (e.g., Branch & Tammann 1992; Suntzeff 1996; Filippenko 1997) . In particular, the observed peak lumi-nosities of SNe Ia have been shown to correlate with the shapes of their light or color curves (e.g., Phillips 1993; Hamuy et al. 1996; Riess et al. 1996; Perlmutter et al. 1997; Wang et al. 2003; Wang et al. 2005; Guy et al. 2005; Prieto et al. 2006; Jha et al. 2007; Guy et al. 2007; Colney et al. 2008) , leading to an uncertainty of 10% in distance measurements from SN Ia.
Based on the observations of SNe Ia at redshifts z ≈ 0.5, Riess et al. (1998) and Perlmutter et al. (1999) first reported the discovery of an accelerating universe. The evidence for the acceleration expansion from SNe Ia improved markedly with follow-up studies (Barris et al. 2004; Tonry et al. 2003; Knop et al. 2003; Riess et al. 2004 Riess et al. , 2007 Astier et al. 2006; Wood-Vasey et al. 2007a) , suggesting that ∼70% of the universe is composed of a mysterious dark energy (for a review see, e.g., Filippenko 2005a) . Elucidating the nature of dark energy would require a large sample of well-observed SNe Ia at even higher redshifts (e.g., z
1.0), and also relies on the improvement of the SN Ia standardization (e.g., 0.01 mag). Progress can be made by searching for additional luminosity-dependent parameters, or by identifying a subsample of SNe Ia with the lowest scatter of the luminosity. This depends on the degree of our understanding of SN Ia physics as well as on the good controlling of various systematic effects such as the photometry itself, the SN luminosity evolution, and the absorption by dust. Clarification of the above issues demands a large sample of SNe Ia with well-observed spectra and light curves, from which we can get better constraints of their physical properties.
Quite a few detailed studies have been conducted of spectroscopically and/or photometrically peculiar SNe Ia such as SNe 1991T (Filippenko et al. 1992a; Phillips et al. 1992) , 1991bg (Filippenko et al. 1992b , Leibundgut et al. 1993 , 2000cx (Li et al. 2001; Thomas et al. 2003; Candia et al. 2003) , 2002cx (Li et al. 2003; Branch et al. 2004; Jha et al. 2006a) , and 2006gz (Hicken et al. 2007) . A comparable number of relatively normal SNe Ia have also been individually studied, including SNe 1994D (Patat et al. 1996) , 1996X (Salvo et al. 2001) , 1998aq (Branch et al. 2003; Riess et al. 2005) , 1998bu (Jha et al. 1999) , 1999ee (Stritzinger et al. 2002; Hamuy et al. 2002 ), 2001el (Krisciunas et al. 2003 , 2002er (Pignata et al. 2004 ), 2003cg (Elisa-Rosa et al. 2006 , 2003du (Stanishev et al. 2007 ), 2004eo (Pastorello et al. 2007a ), 2002bo (Benetti et al. 2004) , and 2006X (Wang et al. 2008a) , though the last two may differ from other typical SNe Ia due to an unusually high expansion velocity of their photospheres and a relatively flat evolution of their B-band light curves starting from the early nebular phase (Wang et al. 2008a ). However, a much larger sample of SNe Ia must be investigated in order to determine the dispersion among their properties and refine possible systematic effects for precision cosmology. In addition, the sample of "golden standard" SNe Ia having extensive observations from ultraviolet (UV) through near-infrared (NIR) wavelengths is sparse. The UV properties could provide clues to the diversity and evolution of the progenitor system, as they are more sensitive to the metallicity of the ejecta as well as the degree of mixing of the synthesized 56 Ni (Höflich et al. 1998; Blinnikov & Sorokina 2000) , while the NIR data are particularly suitable for the study of dust properties and the determination of absorption corrections. The UV and NIR data are also important in helping to determine, by means of the light curves, the bolometric luminosity of SNe Ia.
In this paper, we present extensive observations of the SN Ia 2005cf in UV, optical, and NIR bands, providing a "golden standard" with which to compare other SNe Ia. Pastorello et al. (2007b; hereafter P07) and Garavini et al. (2007; hereafter G07) have previously studied the optical properties of SN 2005cf, but our unique UV data along with an excellent independent optical/NIR dataset allow us to provide better constraints on the properties of SN 2005cf. We compare our results with those of P07 and G07 where appropriate. Our observations and data reduction are described in §2, while §3 presents the UVoptical-NIR (uvoir) light curves, the color curves, and the reddening estimate. The spectral evolution is given in §4. In §5 we construct the bolometric light curve of SN 2005cf. Our discussion and conclusions are given in §6. An optical spectrum taken on 2006 May 31.22 revealed that SN 2005cf was a very young SN Ia, at a phase of ∼10 d before maximum brightness . On this basis, we requested frequent optical and NIR imaging, as well as optical spectroscopy; we collected a total of 634 photometric datapoints and 39 optical spectra. Moreover, Hubble Space Telescope (HST) UV and NIR observations were soon triggered (proposal GO-10182; PI A. V. Filippenko) with the Advanced Camera for Surveys (ACS) and the Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) at 12 different epochs. UV and optical photometry was also obtained with the Ultraviolet/Optical Telescope (UVOT) on the space-based Swift telescope.
Ground-Based Observations

Optical and NIR Photometry
The ground-based optical photometry of SN 2005cf, spanning from 12 d before to 3 months after the B-band maximum, was obtained with the following telescopes: (1) the KAIT and the 1.0 m Nickel telescope at Lick Observatory in California; (2) the 1.2 m telescope at the Fred Lawrence Whipple Observatory (FLWO) of the Harvard-Smithsonian Center for Astrophysics (CfA) in Arizona; (3) the 1.3 m and 0.9 m telescopes at Cerro Tololo Inter-American Observatory (CTIO) in Chile; (4) the 1.5 m telescope at Palomar Observatory in California (Cenko et al. 2006 ); (5) the 2.0 m Liverpool telescope at La Palma in Spain; and (6) the 0.8 m THCA- NAOC Telescope (TNT) at Beijing Xinglong Observatory (BAO) in China. Broad-band BV RI photometry was obtained with all the above telescopes, except for the FLWO 1.2 m and Liverpool 2.0 m telescopes which followed SN 2005cf in BV and Sloan ri filters. Observations made with KAIT, FLWO 1.2 m, the CTIO 0.9 m, and the Nickel 1.0 m also sampled the U band. Table 1 lists the average color terms for all of the involved telescopes and filters. The NIR (JHK s ) photometry was obtained with the 1.3 m Peters Automated Infrared Imaging Telescope (PAIRITEL; Bloom et al. 2006) at FLWO.
As part of routine processing, all CCD images were corrected for bias, flat fielded, and cleaned of cosmic rays. Since SN 2005cf is isolated far away from the hostgalaxy center, we omitted the usual step of subtracting the galaxy template from the SN images; instead, the foreground sky was determined locally and subtracted. Instrumental magnitudes of the SN and the local standard stars (labeled in Fig. 1) were measured by the point-spread function (PSF) fitting method, performed using the IRAF 17 DAOPHOT package (Stetson 1987 ). The transformation from the instrumental magnitudes to the standard Johnson U BV (Johnson 1966) and KronCousins RI (Cousins 1981) systems was established by observing, during a photometric night, a series of Landolt (1992) standards covering a large range of airmasses and colors. The average value of the photometric zeropoints determined on 7 photometric nights was used to calibrate the local standard stars in the field of SN 2005cf. Table 2 lists the standard U BV RI magnitudes and uncertainties of 16 comparison stars which were used 17 IRAF, the Image Reduction and Analysis Facility, is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA), Inc. under cooperative agreement with the National Science Foundation (NSF). to convert the instrumental magnitudes of the supernova to those of the standard system. Note, however, that our U -band calibration may have an uncertainty larger than that quoted in Table 2 , as it was established on only a single photometric night. The U BV calibrations of SN 2005cf were also used by Li et al. (2006) to calibrate the Swift UVOT optical observations.
A comparison of 9 standard stars in common with P07 reveals that some systematic differences exist between the datasets. With respect to P07, our measurements are fainter by 0.138 ± 0.029 mag in U , 0.023 ± 0.012 mag in B, 0.038 ± 0.016 mag in V , 0.041 ± 0.006 mag in R, and 0.029 ± 0.007 mag in I. The discrepancies are nonnegligible and worrisome, especially in the U band. Such differences were also noticed by Stanishev et al. (2007) in studying photometry of the comparison stars of SN 2003du; their measurements of the stars in common were found to be systematically brighter than those given in Leonard et al. (2005) and Anupama et al.(2005) by 0.04-0.06 mag in some wavebands. The origin is unclear, and further studies are needed if systematic errors are to be minimized (to 0.01 mag) when using SNe Ia to measure cosmological distances.
To reasonably assemble the optical photometric data for SN 2005cf obtained with different telescopes and place them on the Johnson-Cousins U V BRI system [e.g., from the Sloan ri to the broad-band RI], we applied additional magnitude corrections (S-corrections; Stritzinger et al. 2002) to the photometry. This is because the color-term corrections only account for the differences derived from normal stars, whereas the spectra of SNe are quite dissimilar. Properly modeling the instrumental response is essential for deriving reliable S-corrections. The normalized instrumental response functions, obtained by multiplying the filter transmission functions with the quantum efficiency of the CCD detectors and the atmospheric transmission, are shown in Figure 2 . Details of the application of the S-corrections are given in the Appendix. Figure 3 shows the time evolution of the S-corrections and the resulting color variances for different telescopes, computed with the spectra of SN 2005cf presented in this paper and those published by G07, as well as with some late-time spectra of SN 2003du (Stanishev et al. 2007) . Note that all of the U -band filter responses were cut off at 3300Å in the convolution due to the spectral coverage. The resulting S-corrections are generally small in BV R bands, but can be noticeably large in the U and I bands (e.g., ∼0.1-0.2 mag). It is worth noting that, without applying such a systematic magnitude correction, the B − V color measured at the CTIO 0.9 m and Palomar 1.5 m (or Lick 1.0 m) telescopes could differ by ∼0.1 mag in the early nebular phase when the colors are usually used as the reddening indicators.
Applying the S-corrections to the photometry noticeably improved the consistency of the datasets obtained with different telescopes. This is demonstrated in Fig.  4 , where the scatter around the best-fit curve decreases from 0.06 mag to 0.03 mag in the I band. Improvements are also achieved for the other bands, with the photometric scatter reduced to within 0.02-0.03 mag. Such a normalization in the photometry could be potentially important when comparing the properties of SNe measured with different systems. This is because a shift of a few percent in the B − V color might systematically bias the extinction correction, hence producing an error of ∼10% (a factor of 3-4 larger) in the derived luminosity of the SN.
We further applied K-corrections to our photometry using the same set of spectra as for the S-corrections. We note that the U -band K-correction could reach ∼0.06 mag at the earliest phases, perhaps due to a rapid evolution of the spectral shape. The large K-and Scorrections required in the U band, which were usually unavailable due to the insufficient spectral coverage, might partially account for the large scatter seen in the U -band light curve of SN 2005cf.
The final calibrated U BV RI magnitudes, after performing the K-and S-corrections, are presented in Table  3 . The error bars (in parentheses) are dominated by the uncertainty in the calibration of the comparison stars.
Since the NIR observations of SN 2005cf were conducted with PAIRITEL, the instrument that defines the 2MASS photometric system, we use the 2MASS pointsource catalog (Cutri et al. 2003) to calibrate the supernova. The calibrated JHK s magnitudes of SN 2005cf are given in Table 4 , which were corrected for the Kcorrections (Columns (7)-(9)) computed from the NIR spectra of SN 1999ee. No S-corrections were applied to the NIR photometry because of the similarity of the transmission curves between the 2MASS system and the Persson et al. (1998) system. The filter transmission curves of these two systems are shown in Figure 5 .
Optical spectroscopy
Low-resolution spectra of SN 2005cf were obtained with the Kast double spectrograph (Miller & Stone 1993) on the 3.0 m Shane telescope at Lick Observatory and the FAST spectrograph (Fabricant et al. 1998 ) on the Tillinghast 1.5 m telescope at FLWO. Two late-time spectra were also obtained at the W. M. Keck Observatory: one with the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) mounted on the 10 m Keck I telescope, and the other with the Deep Extragalactic Imaging Multi-Object Spectrograph (DEIMOS; Faber et al. 2003 ) mounted on the 10 m Keck II telescope. A journal of the spectroscopic observations is given in Table 5 .
All spectra were reduced using standard IRAF routines (e.g., Foley et al. 2003) . For the Lick/Kast observations, flatfields for the red-side spectra were taken at the position of the object to reduce NIR fringing effects. For two Lick/Kast spectra taken on 2005 June 10 and June 11, there was condensation on the red-side camera, producing non-standard and variable absorption features. To compensate for this effect, we created a two-dimensional surface map of a flat field image. We smoothed the surface map to remove any fringing in the flat. We then divided our images by this surface to remove the absorption features from our images. Although this process produced significantly improved spectra, there are still some persistent systematic features in those spectra. The Keck/DEIMOS data were reduced using a modified version of the DEEP pipeline and our own routines as described by Foley et al (2007) .
Flux calibration of the spectra was performed by means of spectrophotometric standard stars observed at similar airmass on the same night as the SN. Using our own IDL routines, the extracted, wavelength calibrated spectra were corrected for continuum atmospheric extinction using mean extinction curves for FLWO and Lick Observatory; moreover, telluric lines were removed from the data. For all the spectra observed at Lick and FLWO, the slit was always aligned along the parallactic angle to avoid chromatic effects in the data (Filippenko 1982 . The observations were made in the F220W, F250W, and F330W bands, with exposure times of 1040 s, 800 s, and 360 s, respectively. The exposure time was split into several equal segments that were used in the data reduction process to reject cosmic-ray events. The data produced by the STScI reduction pipeline had bias and dark-current frames subtracted and were divided by a flatfield image. In addition, known hot pixels and other defects were masked. Individual exposures were combined using the MultiDrizzle task within STSDAS to reject cosmic rays and perform geometric-distortion corrections.
To get the optimal signal-to-noise ratio (S/N), we performed aperture photometry in all of the drizzled images using an aperture radius of 4 pixels (∼ 0.1 ′′ ). The background level was determined from the median counts in an annulus of radius 100-130 pixels. The measured magnitudes were further corrected to an infinite-radius aperture and placed on the Vega magnitude system (Sirianni et al. 2005) . The final HST ACS UV magnitudes of SN 2005cf are listed in Table 6 . Uncertainties were calculated by combining in quadrature the Poisson photon errors, the readout-noise errors from the pixels within the aperture, and errors in the aperture correction.
NICMOS NIR Photometry
The infrared observations were obtained with the HST NICMOS3, which has a scale of 0.20 ′′ pixel −1 and a field 
of view of 51
′′ × 51 ′′ . Images were acquired through the F110W and F160W filters (see Fig. 5 for the transmission curves) at similar epochs as the optical ones with the ACS. The data were preprocessed using the STS-DAS package CALNICA and the latest reference files provided by STScI. Unlike the ACS, the NICMOS calibrated data are given in count rate (DN s −1 , where DN are data-number counts).
Aperture photometry was performed on the calibrated NICMOS3 images. Counts were summed within an aperture of 5.5 pixel radius (1.10 ′′ , the size of the aperture used for the standard-star measurements) centered on the source. To correct for a nominal infinite aperture, the measured count rates in F110W and F160W were, respectively, multiplied by 1.056 and 1.087. The total count rates were then converted into flux using the recently determined photometric scale factors, 1.59 × 10 −6
Jy s DN −1 at 1.1 µm and 1.93 × 10 −6 Jy s DN −1 at 1.6 µm. Corresponding zeropoints were calculated on the Vega system, assuming the zero-magnitude flux densities of 1886 and 1086 Jy and the effective wavelengths of 1.12 µm and 1.60 µm for F110W and F160W, respectively. All of the above parameters involved in the calculations were taken from the website for HST NICMOS photometry 18 . As the NICMOS3 filters do not match ground-based JHK well (especially the F110W filter, which is much broader and bluer), it is necessary to apply S-corrections as well as color-term corrections to place the photometry on the ground-based JHK system. A total of six stars (2 white dwarfs, 2 solar analogs, and 2 red stars) have been observed through both the NICMOS NIR system (F110W, F160W, and F222M filters) and the groundbased JHK system (Persson et al. 1998) . These stars, along with the Sun, Vega, and Sirius with model IR spectra from the Kurucz web site 19 , allow us to establish a rough transformation between the NICMOS3 and the ground-based NIR systems for normal stars. In computing the NIR S-corrections we used data for SN 1999ee (Hamuy et al. 2002) , which has relatively good temporal coverage of the NIR spectra and a value of ∆m 15 similar to that of SN 2005cf. Table 7 gives the color-, K-and S-corrected NIR photometric results from the HST NICMOS3 images, consistent with the ground-based measurements within the error bars. The S-and color-corrections that were added to normalize the photometry to the Persson et al. (1998) system are also listed. The photometric observations were performed in three UV filters (uvw1, uvm2, and uvw2) and three broadband optical filters (U , B, and V ). As shown in Figure  6 , the instrumental response curves of the UVOT uvm2 and uvw1 filters are, respectively, very similar to those of the HST ACS F220W and F250W filters. The UVOT optical filters are close to the standard Johnson system in B and V but exhibit noticeable difference in U . Images of SN 2005cf were retrieved from the Swift Data Center, and were reprocessed utilizing an improved plate 19 http://kurucz.harvard.edu/ scale for the uvw2 images and corrections to the exposure times in the image headers (Brown et al. 2008) . To maximize the S/N, we performed aperture photometry using an optimal aperture of 3.0 ′′ radius suggested by Li et al. (2006) , after first subtracting the host-galaxy light using a template image. Since the UVOT is a photon-counting detector and suffers from coincidence losses when observing bright sources, the observed counts of SN 2005cf were corrected for such losses using the empirical relation described by Poole et al. (2008) . Finally, aperture corrections were applied to bring the measurements from an aperture of 3.0 ′′ to the 5.0 ′′ aperture with which the photometric zeropoints are calibrated on the Vega magnitude system.
As the instrumental response curves of the UVOT optical filters do not follow exactly those of the Johnson U BV system (see also Fig. 6 ), some color terms are expected. We calculated the synthetic color terms by convolving the instrumental response of the UVOT in the optical with the 93 spectrophotometric Landolt standard stars published by Stritzinger et al. (2005) . These are −0.104, −0.012, and −0.030 in a linear correlation of the parameter pairs (U , U − B), (B, B − V ), and (V , B − V ), respectively.
The synthetic color terms are small in the B and V bands but relatively large in the U band. Our determinations are consistent with those measured by Poole et al. (2008) who preferred a polynomial expression. The S-corrections of the UVOT optical filters were derived using spectra of SN 2005cf; they are given in Table 8 (columns 10-12) and are non-negligible in the U band (e.g., 0.1-0.2 mag). Columns 4-9 in Table 8 list the final UVOT UV/optical magnitudes. The magnitudes in optical have been corrected for the color-and S-corrections. Figure 7 shows the uvoir light curves of SN 2005cf. The S-and K-corrections have been applied to the light curves in all of the optical and NIR bands. No S-or K-corrections were applied to the UV data. The optical light curves were sampled nearly daily during the period t ≈ −12 to +90 d, making SN 2005cf one of the bestobserved SNe Ia. The morphology of the light curves resembles that of a normal SN Ia, having a shoulder in the R band and pronounced secondary-maximum features in the NIR bands. The NIR light curves of SN 2005cf reached their peaks slightly earlier than the Bband curve. This is also the case for the UV light curves, which are found to have narrower peaks, with the exceptions of the HST ACS F220W and the Swift UVOT uvm2 filters. Detailed analysis of the light curves is described in the following subsections.
LIGHT CURVES OF SN 2005CF
Optical Light Curves
A polynomial fit to the B-band light curve around maximum brightness yields B max = 13.63 ± 0.02 mag on JD 2, 453,533.66 ± 0.28 (2005 June 12.16 ). The maximum epoch t max (B) is consistent with the estimate by P07 while B max itself is fainter than that of P07 by 0.09 mag. The derived value of t max (B) indicates that our observations started from −11.9 d and extended to +90.3 d with respect to the B maximum. Likewise, the V -band light curve reached a peak magnitude of 13.55 ± 0.02 on JD 2,453,535.54 ± 0.33, about 1.9 d after t max (B). A comparable measurement was obtained by P07 who gives V max = 13.53 ± 0.02 mag. The fitting parameters for the maxima in the other bands are presented in Table  9 , together with the initial decline rates within the first 15 d after their maxima (see below).
From the B-and V -band light curves, we derive an observed ∆m 15 (B) = 1.05 ± 0.03 mag and B max − V max = 0.08 ± 0.03 mag.
20 These values are slightly smaller and redder than those given by P07 [∆m 15 = 1.11 ± 0.05 and B max − V max = 0.01 ± 0.03]. We also measured the B − V color at 12 d after the B maximum (Wang et al. 2005) , obtaining 0.47 ± 0.04 mag. After removal of the Galactic reddening, these color indexes are slightly redder than the intrinsic value (see also descriptions in §3.3), suggesting some line-of-sight reddening toward SN 2005cf.
Based on the extremely well-sampled photometry in the optical, we constructed the light-curve templates of SN 2005cf by using a smoothing spline function. To obtain better sampling in the U band, the late-phase data from P07 were also included in the fit. We tabulate the template light curves in Table 11 . In Figure 8 , we compare the best-fit U BV RI light-curve templates of SN 2005cf with observations from the Swift UVOT and P07. We also compare them with other well-observed, nearby Krisciunas et al. 2007; Chornock & Filippenko 2008) . These 6 objects include all SNe Ia with 1 < ∆m 15 < 1.15 and at least 15 epochs per band of published U BV RIJHK data. The BV RI data for SNe 2002bo, 2002dj, and 2004S obtained with KAIT (Ganeshalingam et al., in prep.) are overplotted. The photometric data for the above comparison SNe Ia were S-corrected. To be consistent with SN 2005cf, the K-corrections computed with the spectra of the comparison SNe and/or the spectra of SN 2005cf were also applied to their photometry. All of the light curves of the comparison SNe Ia have been normalized to the epoch of their U BV RI maxima and shifted in their peaks to match the templates of SN 2005cf.
The overall comparison with the photometry of P07 reveals some systematic differences, especially at the earlier phases, as shown in Figure 9 . The magnitudes in P07 are found to be brighter than ours on average over time by 0.047 ± 0.005 mag in B, 0.009 ± 0.004 mag in V , 0.040 ± 0.004 mag in R, and 0.041 ± 0.005 mag in I, while they are fainter by 0.050 ± 0.008 mag in U (see the filled circles in Fig. 9 ). This is primarily due to calibration differences, especially in the BRI bands. It is puzzling, however, that a remarkable difference of ∼0.14 mag in the U band for the comparison stars (see §2.1.1) is not also seen in the U -band SN photometry. Additional, uncorrected systematic effects are probably present.
With the constructed light-curve templates of SN 2005cf, one may also examine whether the Swift UVOT optical observations are consistent with the ground-based data. The mean values of the computed residuals between these two measurements (see the star symbols in Fig. 9 ) are 0.015 ± 0.024 mag in U , −0.045 ± 0.019 mag in B, and 0.009 ± 0.011 mag in V . There appears to be a small systematic shift in B, but the consistency in the U and V bands is satisfactory. This demonstrates the great improvements recently achieved in Swift UVOT calibrations Poole et al. 2008) .
Although the light curves of the comparison SNe Ia are similar to each other near maximum brightness, they diverge at earlier (rising) phases. SNe 2001el and 2003du displayed a slower rise rate in each of the U BV RI bands. In contrast, the brightness of SNe 2002bo and 2002dj rose at a faster pace than that of SN 2005cf (see also Pignata et al. 2008) . This indicates that the rise time might slightly vary among SNe Ia having similar ∆m 15 values, though a larger sample having early-epoch observations is needed to verify this trend.
Differences in the light curves also emerge at late phases, especially in the B band. We measured a latetime decline rate β = 1.62 ± 0.05 mag (100 d) times, similar to that of SN 2006X (Wang et al. 2008a ).
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In contrast to the V -and R-band evolution, the light curves in the U and I bands appear more heterogeneous. The largest dispersion is in the premaximum U -band evolution and in the I-band secondary-maximum phase. Systematic effects due to filter mismatches might not be fully removed by the S-corrections because of the incomplete wavelength and/or temporal coverage for the SN spectra. Nevertheless, part of the dispersion is likely to be intrinsic. Significant spectral variations at the wavelengths of the broad-band U were also found in SNe Ia at redshift z∼0.5 (Ellis et al. 2008) . The U -band brightness has also been proposed to depend sensitively on the metallicity of the progenitor (e.g., Höflich et al. 1998; Lentz et al. 2000; Sauer et al. 2008) , which may vary from one supernova to another; while emission in the I band is heavily affected by the Ca II NIR triplet absorption, which is found to vary substantially among SNe Ia at early phases (see Fig. 17 in §4.1).
3.2. The UV Light Curves UV observations are important for understanding SN Ia physics as well as possible differences among the progenitors in a range of environments. Due to the requirement of space-based observations, however, UV data for SNe Ia have been sparse; see Panagia (2003) 21 Measurements of the late-time decline rate in the U band are usually difficult due to the lack of reliable photometry at this phase. High-quality data are needed to test whether the U -band data follow the same trend as shown in B.
and Foley, Filippenko, & Jha (2008) for summaries of International Ultraviolet Explorer (IUE) and HST spectra. In HST Cycle 13, extensive UV observations of SNe Ia were conducted (program GO-10182; PI Filippenko); unfortunately, the Space Telescope Imaging Spectrometer (STIS) failed just before the program began, so the UV prism in ACS was used instead, yielding spectra far inferior to those anticipated with STIS. Recently, Swift has obtained UV photometry of SNe Ia (Brown et al. 2008; Milne et al. 2008, in prep.) , as well as some low-quality UV ugrism spectra (Bufano et al., in prep.) . Figure 10 shows the UV light curves of SN 2005cf obtained with the Swift UVOT and the uvw1, uvw2, and uvm2 filters, as well as with the HST ACS and the F220W, F250W, and F330W filters. These two UV data sets span the periods from t = −8.1 d to t = 41.8 d and from t = −8.6 d to t = 23.4 d, respectively. Overlaid are the U -band templates of SN 2005cf, shifted to match the peak of the UV bands. With respect to U , the F330W-band light curve has a noticeably narrower peak. The UVOT uvw1 light curve closely resembles that in the HST F250W band, with the former being slightly brighter by −0.09 ± 0.02 mag. Despite the similarity of the filter responses, the UVOT uvm2 light curve appears to be systematically dimmer than that of HST F220W by ∼0.2 mag at comparable phases. This is perhaps due to the calibration uncertainty or reduction errors, but more data are obviously needed to clarify this difference.
The temporal behavior of the UV photometry of SN 2005cf is similar to the optical behavior, but with different epochs for the maximum brightness. As in the U band, most of the UV light curves reached their maximum slightly before the optical, with the exception of the uvm2/F220W-band photometry, which peaks ∼3-4 d after the B maximum. Another interesting feature is that the light-curve peak in these two filters appears to be much fainter and broader than that of the other UV filters on both sides. A similar feature was seen in SN 2005am (Brown et al. 2005 ), a normal SN Ia resembling SN 1992A (Kirshner et al. 1993) . Brown et al. (2005) suggested that the faintness in uvm2 could be explained in terms of a bump of the extinction curve near 2200Å (Cardelli et al. 1989) . Assuming a total reddening of E(B − V ) ≈ 0.2 mag (see §3.6), however, we find that the change of R V could only result in a larger extinction in uvm2/F220W by ∼0.5 mag. This is far below the flux drop of ∼1.5 mag with respect to the neighboring bands, as seen in SN 2005cf. The red leak in the UV filters might cause the abnormal behavior in the UV light curves by including some optical light, due to the red tail. However, the report from the most recent check of the HST ACS CCDs shows that such an effect is small in the HST UV filters 22 . Moreover, the off-band contamination in the F220W filter is found to be larger than that in F250W. This shows that the UV leak may not be responsible for the faint brightness in F220W or uvm2 filters.
As in the optical, the light-curve parameters in the UV were obtained by using a polynomial fit to the observations (see Table 9 ). One can see that the luminosity in the F330W band is the brightest, but it declines at the fastest pace after the initial peak. The uvm2-band luminosity is the faintest, and has a post-maximum decay rate much slower than the other UV filters.
The NIR Light Curves
The NIR photometry of SN 2005cf was obtained with PAIRITEL (Wood-Vasey et al. 2007b ) and the HST NICMOS3, spanning from −11.4 d to +29.1 d with respect to t max (B). Due to significant differences between these two photometric systems, we applied both colorand S-corrections to the HST photometry to normalize it to the PAIRITEL system. As shown in Figure 11 , the corrected F110W-and F160W-band magnitudes (smaller filled circles) are consistent with the ground-based results.
In Figure 11 , the NIR data of the comparison SNe Ia are overlaid. Although the light curves of all these SNe are similar near maximum, they diverge after the peak phase. As in the optical, SNe 2002dj and 2002bo rise at a faster pace than SNe 2005cf and 2003du in the NIR. Scatter is also present near the secondary-maximum phase; the fast-expanding events tend to exhibit more prominent peaks. The secondary-peak feature in the J band appears somewhat less pronounced in SN 2001el.
The peak magnitudes in the NIR, estimated by fitting the data with the Krisciunas et al. (2004a) templates, are reported in Table 9 . In contrast with the rapid decline in J after the primary maximum, the H-and K-band light curves show much slower decay at comparable phases. The evolution of the spectral energy distribution (SED) can be best studied through spectroscopy; however, only the optical spectra of SN 2005cf were involved in our study. As an alternative, a rough SED can be constructed from the observed fluxes in various passbands at the same or similar epochs. Since we have photometry in the UV, optical, and NIR bands, covering the 1600-24,000Å region, we can study the SED evolution of SN 2005cf by means of photometry. Because of the numerous instruments involved in the observations of SN 2005cf, it was not always possible to observe all bands at exactly the same time, and our definition of the "same epoch" refers to a reference date ±1 d. The observed apparent magnitudes in each passband were converted to fluxes using the reddening derived in §3.6. Figure 12 shows SEDs at five selected epochs, t ≈ −7, −1, +5, +17, and +42 d after the B-band maximum. The SN 2005cf SED went through dramatic changes in going from epochs near B maximum to the nebular phase. The SEDs at t ≈ −7, −1 and +5 d are very similar, peaking in B but showing a flux deficit in F220W/uvm2 (∼2000-2500Å). At these early phases, the emission from the supernova dominated in the blue. By t ≈ 17 d the SED showed a significant deficit at short wavelengths compared with earlier epochs, whereas the NIR remained fairly constant (with the exception of the J band). The flux peak shifted to the V band by t ≈ 42 d, and the deficit in F220W/uvm2 might become less noticeable, though the measurement from the swif t UVOT is around the detection limit.
To better understand the evolution of the 2000-2500Å region, we overplot the HST FOS spectra of SN 1992A (Kirshner et al. 1993) in Figure 12 . One sees that the F220W/uvm2-band flux deficit in SN 2005cf at t ≈ 5 d is consistent with the strong absorption trough present in the UV spectrum of SN 1992A at similar epochs, although the UV brightness of the latter seems relatively fainter with respect to their optical emission. This absorption feature could arise from multiplets of the ironpeak elements at ejection velocities above ∼16,000 km s −1 , such as Fe II λλ2346, 2357, 2365, and 2395, according to the synthetic-spectrum fit by Kirshner et al. (1993) . The complex of iron-peak element line blending might also explain the less prominent, absorption-like feature in the SED blueward of 2500Å at days 42 and 45. As SN 1992A suffers negligible reddening from interstellar material in both the Milky Way and the host galaxy (e.g., Wang et al. 2006; Jha et al. 2007 ), the observed absorption feature around 2300Å is not caused by novel dust extinction. We suggest that the flux deficit in the F220W/uvm2 filter is likely an indication of the spectral evolution common to normal SNe Ia. t = +40 d evolves at a faster pace than the Lira-Phillips relation because of the flatter photometric evolution in the B band. This serves as a reminder that the LiraPhillips relation does not hold for all SNe Ia, specifically the fast-expanding events (Wang et al. 2008a ) and the SN 2000cx-like objects (Li et al. 2001) .
The V − R and V − I color curves of SN 2005cf ( Fig.  13c and 13d ) exhibit a behavior that is quite similar to that of the normal SNe Ia. By contrasting with other normal SNe, SNe 2002bo and 2002dj are very blue in V − I (and possibly in V − R), and they also reach their blue peak in V − I about 4 d earlier. Figure 14 shows the observed V − JHK colors of SN 2005cf, together with the comparison SNe Ia corrected for reddening. The V − J and V − H colors are redder than the average values of the comparison SNe Ia by ∼0.2 mag, but the V − K color shows little difference. As with V − I, SNe 2002bo and 2002dj are bluer in all of the V − JHK colors. We notice, however, that most of the color difference would disappear, were a smaller totalto-selective absorption ratio applied to their extinction corrections (R V = 2.0 rather than 3.1). This suggests that either the NIR luminosities of the fast-expanding events were relatively faint with respect to the optical luminosities, or a lower R V value is required for their dust extinction (Wang et al., in prep.) .
The overall color evolution of SN 2005cf closely resembles the selected normal SNe Ia with similar ∆m 15 . We notice that SNe 2002bo and 2002dj exhibit a distinguished bluer V − IJHK colors with R V =3.1. adopting the standard reddening law of Cardelli, Clayton, & Mathis (1989) . In this section, we use several empirical methods to derive the host-galaxy reddening of SN 2005cf. All methods assume that SN 2005cf has intrinsic colors similar to those of normal SNe Ia, with ei- ther similar evolution in some colors or comparable ∆m 15 values. Phillips et al. (1999) proposed correlations between the light-curve width parameter ∆m 15 and the intrinsic B max − V max or V max − I max values (or C max ). The B − V color at early nebular phases (e.g., 30 d t 90 d] was found to evolve in a similar fashion for most SNe Ia (dubbed the "Lira-Phillips relation"; Phillips et al. 1999) , allowing one to statistically separate the reddening from the intrinsic color component. In addition, Wang et al. (2005) suggested using the B − V color at 12 d after B maximum [(B − V ) 12 , or C 12 ] as a reddening indicator because the intrinsic value of this post-maximum color was found to be a tight function of ∆m 15 . Based on the Lira-Phillips relation, Jha et al. (2007) also proposed to use the color at t = 35 d to measure the host-galaxy reddening of SNe Ia.
As shown in Figure 15 , the empirical relations between the observed colors and ∆m 15 were recalibrated using 28 well-observed, low-reddening SNe Ia 23 , of which 15 are from the literature and 13 are from the new KAIT photometric database (Ganeshalingam et al., in prep.) . The selected SN sample closely follows the Lira-Phillips relation [e.g., with a mean slope of −0.011 ± 0.001 mag d −1 and with the measured E(B − V ) host 0.05 mag]. With the above sample, the coefficients for the C max − ∆m 15 relation were determined and are reported in Table  11 .
23 SNe 1992A, 1992al, 1992bc, 1992bl, 1992bo, 1993H, 1993O, 1994D, 1994S, 1996X, 1998aq, 1998bp, 1998de, 1999by, 1999ej, 2000ca, 2000dk, 2000dr, 2001ba, 2002dl, 2002ha, 2002fk, 2003gs, 2003hv, 2003du, 2004at, 2005el, and 2005ki. Our determinations are generally comparable to the earlier results by Phillips et al. (1999) , but with slightly steeper slope in B max − V max and bluer unreddened zeropoints. Note that the (B max − V max ) − ∆m 15 correlation break down at large ∆m 15 values; a much steeper slope is required for very fast decliners. The V max − I max color does not show a great correlation with the decline rate, with a root-mean square (rms) scatter of ∼0.06 mag. Applying the C max − ∆m 15 relation to SN 2005cf, we obtain E(B − V ) max = 0.07 ± 0.04 mag and E(V − I) max = −0.08 ± 0.06 mag. From the B − V color of SN 2005cf in the nebular phase, we measured E(B − V ) tail = 0.15 ± 0.04 mag.
The C 12 − ∆m 15 relation was also reexamined with the new sample. The zeropoint of the intrinsic color at the nominal decline rate is bluer than in previous reports (Wang et al. 2006 ) by 0.08 mag. This difference is perhaps due to the stricter criteria of selecting the training sample and also indicates the difficulty of separating reddening from the intrinsic color. This post-maximum color index gives E(B − V ) 12 = 0.12 ± 0.04 mag.
In comparison with the sample observed with other systems, the KAIT sample of 13 SNe Ia seems to be slightly bluer by ∼0.05 mag at t = 35 d (see the bottom panel in Fig. 15 ), while this difference does not hold for the other color indices shown in the same plot. Such a discrepancy may arise from systematic effects, such as the S-corrections, which were found to show noticeable divergence in the nebular phase (see Fig. 3 ). In addition, we point out that the (B − V ) 35 color may not be a constant for the fast decliners; a larger ∆m 15 corresponds to a redder (B −V ) 35 . With the new unreddened loci, we measured E(B − V ) 35 = 0.13 ± 0.05 mag for SN 2005cf. Krisciunas et al. (2000 Krisciunas et al. ( , 2004a have shown that the intrinsic V − JHK colors of SNe Ia are uniform and can be used as reddening indicators. Based on Krisciunas unreddened loci (see Fig. 14) , for SN 2005cf we obtain E(V − J) = 0.28 ± 0.08 mag, E(V − H) = 0.25 ± 0.06 mag, and E(V −K) = 0.16±0.06 mag. This corresponds to an E(B − V ) reddening of 0.13±0.08 mag, 0.10±0.06 mag, and 0.06±0.06 mag, respectively.
The color excesses of SN 2005cf derived from various empirical methods are summarized in Table 12 . They are consistent with each other within the uncertainties, except the V −I color which shows larger scatter and may be not a reliable reddening color index. The mean value gives E(B − V ) host = 0.09 ± 0.03 mag, indicating that SN 2005cf suffers a small but non-negligible reddening in the host galaxy.
OPTICAL SPECTRA
There are a total of 38 optical spectra of SN 2005cf obtained at Lick Observatory and FLWO, spanning from t = −12.0 to t = +83.0 d with respect to the B maximum. The complete spectral evolution is displayed in Figure 16 , and two late-time nebular spectra are presented in Figure 18 . The earliest spectra show very broad and highly blueshifted absorption features at 3700Å (Ca II H&K), 6020Å (Si II λ6355), and 7900Å (Ca II NIR triplet). In particular, a flat-bottomed feature is distinctly seen in Si II λ6355. The spectral evolution near maximum generally follows that of a normal SN Ia, with the distinctive "W"-shaped S II lines near 5400Å and the blended lines of Fe II and Si II near 4500Å. We 
Temporal Evolution of the Spectra
In Figure 17 , we compare the spectra of SN 2005cf with those of SNe Ia having similar ∆m 15 at four different epochs (t ≈ −11 d, −7 d, 0 d, and 18 d past B maximum). All spectra have been corrected for reddening and redshift. For SN 2001el, R V = 2.1 is assumed according to the analysis by Krisciunas et al. (2007) . For the other SNe, the host-galaxy reddening is measured using the empirical correlations presented in Table  11 and the extinctions are corrected using the standard value R V = 3.1. The line identifications adopted here are taken from Branch et al. (2005 Branch et al. ( , 2006 . Figure 17a shows the comparison of the spectra at t ≈ −11 d. As in the comparison SNe Ia, the absorption near 3700Å due to the blending of Ca II H&K and Si II λ3858 is prominent in the earliest spectrum of SN 2005cf. The Si II λ4130 absorption feature appears common in the early spectra, except in the spectrum of SN 1990N. In We measured the line-strength ratio of Si II λλ5958, 5979 to Si II λ6355, known as R(Si II) (Nugent et al. 1995) , to be 0.28 ± 0.04 for SN 2005cf near maximum, in good agreement with the measurement reported by G07.
In Figure 17d , we compare the spectra at t ≈ 18 d. SN 2005cf exhibits spectral evolution quite similar to that of the other SNe Ia. The Fe II and Si II features are fairly developed in the range 4700-5000Å. The stronger Fe II lines dominate around 5000Å, and Na I D appears in the region overlapping with Si II λ5972. The Si II λ6355 trough becomes affected by Fe II λλ6238, 6248 and Fe II λλ6456, 6518. Although the Ca II NIR triplet shows the most diverse features at the earlier epochs, they develop into a rather smooth absorption profile by 2 weeks after B maximum.
Comparison of the spectra of SNe Ia having similar ∆m 15 values reveals that they show the most diversity at the earliest epochs, with significantly different strengths and profiles of the main features (e.g., Si II λ6355 and the Ca II NIR triplet). In general, the overall spectral evolution of SN 2005cf at early phases closely resembles that of SN 2001el.
Two late-time nebular Keck spectra, obtained with (Leibundgut et al. 1991) , 1994D (Filippenko et al. 1997 ), 2001el (Wang et al. 2003 Mattila et al. 2005) , 2002bo (Benetti et al. 2004 ), 2003du (Stanishev et al. 2007 ), 2004S (Krisciunas et al. 2007) , and 2005cg (Quimby et al. 2006 ). All spectra shown here have been corrected for the reddening and redshift of the host galaxy. For clarity of display, the spectra were arbitrarily shifted in the vertical direction. LRIS on day +319 and with DEIMOS on day +614, are shown in Figure 18 . They do not exhibit any detectable signature of a low-velocity hydrogen emission, though the S/N is low, especially in the case of the day +614 spectrum. (See also the deep observations of SN 2005cf performed by Leonard 2007 .) The spectrum on day +319 is dominated by the forbidden lines of singly and doubly ionized Fe and Co lines; its overall shape is very similar to that of SN 2003du at a similar phase. The nebular spectrum of SN 2002dj at this phase is also quite normal, without showing extra flux (or an evidence for presence of an echo) at shorter wavelengths as in the extreme HV event SN 2006X (Wang et al. 2008b ). We note, however, that SN 2002dj is a slightly fast-expanding object with less significant reddening (Pignata et al. 2008 ).
The Photospheric Expansion Velocity
In this paper, we examine the photospheric expansion velocity v exp from the velocity evolution of the Si II λ6355 and S II λ5640 lines. The derived v exp values of SN 2005cf from Si II λ6355 and S II λ5640 as a function of time are shown in Figure 19 , together with those of the comparison SNe Ia. The measurements from the spectra published by G07 are also overplotted (small filled circles). All velocities have been corrected for the redshifts of the host galaxies.
At the earliest phases, the photospheric expansion velocity implied from Si II λ6355 for SN 2005cf is higher than that for SNe 1990N (Leibundgut et al. 1992 ), 1998aq (Branch et al. 2003) , and 2003du (Stanishev et al. 2007 ) by ∼2000 km s −1 , and comparable to that for SNe 1994D (Filippenko 1997 , Patat et al. 1996 and 2001el (Wang et al. 2003; Mattila et al. 2005) . This expansion velocity declines very rapidly within the first two weeks before B maximum and then maintains a plateau phase for about a month. Such evolution may be related to the fact that the Si II absorption region is close to the photosphere at earlier phases but becomes more detached at later times (Patat et al. 1996) . In contrast, the velocity yielded from the S II λ5640 line is slightly lower than that of the other SNe Ia and shows a flat evolution from 
The High-Velocity Features
In addition to the evolution of the photospheric expansion, the well-sampled spectra of SN 2005cf (especially those at earlier phases) provide a good opportunity to study the high-velocity (HV) features that were only seen in the earliest spectra. The HV material is usually located in the outermost layers of the ejecta where SNe Ia show the highest degree of heterogeneity.
4.3.1. The High-Velocity Si II Figure 20 (see the left panel) shows the pre-maximum evolution of the velocity-space distribution of Si II λ6355 in the spectra of SN 2005cf. In the −12 d spectrum, this absorption profile is broad and asymmetric with a stronger minimum on the blue side. At t = −11 d, the Si II line exhibits a flat-bottomed feature with comparable absorption minima on both red and blue sides. As the spectrum evolves, the red-side minimum gradually dominates. By t = −6 d, the Si II absorption feature gradually develops into a single minimum with a typical velocity of ∼10,500 km s −1 , though the line profile may still be affected by the blue component until around maximum light (G07).
The observed line profiles of Si II λ6355 at earlier phases can be well fit by a double-Gaussian function with separate central wavelengths, probably suggesting the presence of another HV absorption component. The HV component could be a thin pure Si shell or a mixed layer of Si II and C II λ6580 (Fisher et al. 1997; Mazzali et al. 2001 Mazzali et al. , 2005 . Assuming that the blue-side absorption component is primarily produced by the HV Si II detached from the photosphere, the mean absorptionminimum velocity is estimated to be 17, 500 ± 500 km s −1 during the period from t = −12 d to t = −7 d (see also the open circles in Fig.19 ). This velocity is much higher than the value inferred from the absorption minimum on the red side.
The presence of HV Si II in SN 2005cf was also proposed by G07 by modeling the observed spectra with the use of the parameterized code for supernova synthetic spectroscopy, SYNOW (Fisher 2000) . Their analysis suggested that the HV feature of Si II λ6355 in SN 2005cf is detached at 19,500 km s −1 . Given the contamination by such a HV Si II feature, the photospheric velocity measured directly from the overall line profile was overestimated. The recomputed v exp values from the Si II line (see the gray dots in Fig. 19 ), after removing the HV component, closely match the velocity evolution predicted from the 1/3 solar metallicity models by Lentz et al (2000) .
In the right panels of Figure 20 , we also compare the Si II absorption features in the earliest spectra. The presence of the HV feature of Si II has also been suggested in SNe 1990N, 1999ee, 2001el, and SN 2005cg (Mazzali et al. 2001 Mattila et al. 2005; Quimby et al. 2006 ), but none of them could be securely established due to the sparse coverage of the pre-maximum spectra. Of the above SNe Ia, the flat-bottomed profile of the Si II line is seen only in SN 1990N at t = −14 d and SN 2001el at t = −9 d. Inspection of the t = −13 d spectrum of SN 2003du reveals a Si II absorption reminiscent of the feature seen in SN 2005cf at t = −10 d. A triangular-shaped profile is present in the spectra of all the other events. It is therefore likely that such a "peculiar" line profile is just a snapshot of the common evolutionary pattern (see similar arguments by Stanishev et al. 2007 ).
In addition to the absorption by the HV material, alternative interpretations have also been proposed for the formation of the broad profile of Si II absorption. Mattila et al. (2005) suggest that the flat-bottomed line shape in SN 2001el can be produced by pure scattering within a thin region moving at the continuum photospheric velocity; it disappears as the photosphere recedes and the scattering region widens. The ejecta slowly extending to the HV part, typical for delayed-detonation models (Khokhlov 1991), may also account for the triangular feature of the Si II profile in SN 2005cg (Quimby et al. 2006 ). However, neither of these two models can explain the asymmetric line profile with a stronger HV component, as observed in SN 2005cf at t = −12 d and in SN 1999ee at t ≈ −11 d (Hamuy et al. 2002 )(see the top right panel of Fig. 20 ). Figure 21 presents the detailed evolution of the Ca II NIR triplet and Ca II H&K of SN 2005cf. In comparison with the Si II line, the HV features in the Ca II NIR triplet are more frequently observed in SNe Ia (e.g., Mazzali et al. 2005) , as they are more pronounced and may have a longer duration. The HV component dominates in the Ca II NIR lines at earlier phases, but it gradually loses its strengths with time. In the Ca II NIR triplet, the HV components are more separated from the photospheric components than in the Si II line. At t = −11 d, the HV component shows an expansion velocity at about 22,000 km s −1 . By t = +2 d, the velocity is around 19,000 km s −1 and the absorption minimum is beginning to be dominated by the photospheric component at ∼10,000 km s −1 . The Ca II H&K lines may show similar HV features, but they overlap with the Si II λ3858 line at earlier phases. Due to the severe line blending, it is difficult to disentangle the HV component and quantify its strength. Assuming a double-Gaussian model, we measure the velocity of the HV component at ∼24,500 km s −1 and 20,000 km s −1 in the t = −11 d and −1 d spectra, respectively, similar to those measured for the Ca II NIR triplet. The higher velocity of the HV component in the Ca II lines with respect to the Si II line perhaps suggests a different abundance distribution in the ejecta. 
The High-Velocity Ca II
Origin for the HV features
Currently, the origin of the HV features is still debated. In principle, their formation can be due to an abundance and/or a density enhancement in the ejecta at outer layers. According to Mazzali et al. (2005) , the single abundance enhancement may not account for the observed HV features, as the nuclear burning cannot produce enough Si and Ca required in the outer region. In contrast, an enhancement in the local density could lead to a good reproduction of the HV spectral evolution, as demonstrated by the three-dimensional (3D) explosion models (e.g., Ropke et al. 2006) . One possible scenario for the density enhancement is the interaction of the outermost ejecta with the circumstellar matter (CSM) produced in the vicinity of the SN (e.g., Gerardy et al. 2005 ). On the other hand, an aspherical ejecta model could also cause the HV density enhancement. Variations of the strength of the HV features may be explained by different viewing angles if they result from aspherical structures like a torus or clumps (Tanaka et al. 2006) .
Inspection of the early-time spectra presented in Figure 17 reveals that the strength of the HV features from Si II and Ca II may be correlated in a given SN, though their strength varies from SN to SN. This holds true for SN 2005cf and all the comparison objects, perhaps favoring the origin of the observed HV features from either CSM interaction or aspherical structure of the ejecta produced by the explosion itself. Note that the detached HV features discussed here seem different from those observed in SN 2006X or even in SN 2002bo; however, the same configuration with a much larger photospheric velocity may explain the difference (Tanaka et al. 2008 ).
THE DISTANCE AND LUMINOSITY OF SN 2005CF
The extensive photometric observations of SN 2005cf, from the UV to the NIR bands, enable us to construct the uvoir "bolometric" light curve within 0.2-2.4 µm. For this calculation, we used the normalized passband transmission curves given by Bessell (1990) . The integrated flux in each filter was approximated by the mean flux multiplied by the effective width of the passband, and was corrected for the reddening. Since the filter trans-mission curves do not continuously cover the spectrum and some also overlap, we corrected for these gaps and overlaps by adjusting the effective wavelengths of the filters in the UV, optical, and NIR passbands.
The Distance to SN 2005cf
The distance to SN 2005cf is important for deriving the bolometric luminosity. Direct measurements were unavailable in the literature, so we used several methods to estimate the distance. According to Wang et al. (2006) , a nominal standard SN Ia with Cepheid-based calibration has an absolute magnitude of −19.27 ± 0.05 mag in the V band. Combining this value with the fully corrected apparent magnitude of SN 2005cf, we obtain a distance modulus µ = 32.29 ± 0.12 mag. We also determine the distance using the latest version of the MLCS2k2 fitting technique (Jha et al. 2007) , which yields µ = 32.43±0.13 mag. Krisciunas et al. (2004b) propose that SNe Ia are more uniform in the NIR bands than in the optical; their NIR peak luminosities are found to be nearly independent of the light-curve shape. The absolute NIR peak magnitudes for SNe Ia with ∆m 15 < 1.7 are reported as −18.61 in J, −18.28 in H, and −18.44 mag in K, respectively. Assuming the same NIR magnitudes for SN 2005cf, we derive a mean distance modulus µ = 32.20 ± 0.10 mag.
Averaging the above three distances, we obtain a weighted mean of µ = 32.31 ± 0.11 mag for SN 2005cf. Note that this estimate may still suffer from an additional uncertainty of 0.12-0.15 mag, due to the intrinsic luminosity dispersion of SNe Ia in both optical and NIR bands (Krisciunas et al. 2004; Wang et al. 2006; WoodVasey et al. 2007b ).
The Missing Flux Below the Optical Window
The filled circles in Figure 22 show the temporal evolution of the ratio of the NIR-band emission (9000-24,000Å) to the optical (3200-9000Å), F IR /F opt . The flux ratios obtained from SNe 2001el and 2004S are overplotted. The dashed curve in the plot represents the best fit to the data of SN 2005cf. In the fit, the NIR contribution at t > 40 d is assumed to be the same as that of SN 2001el and SN 2004S. This assumption is reasonable because the F IR /F opt ratio of SN 2005cf agrees well with the corresponding values of these two SNe Ia from the very beginning to t ≈ +40 d. Initially, the ratio shows a sharp decline with a minimum ∼4 d after the B maximum. Then it rises rapidly in a linear fashion and reaches a peak (∼20%) at t ≈ +30 d, when the secondary maximum appears in the NIR. At nebular phases, the NIR contribution gradually declines and becomes <10% at t ≈ +80 d, similar to that found by Suntzeff in studying SN 1992A (1996 .
The contribution of the UV flux in the 1600-3200Å range to the optical is shown with the open circles in Fig. 22 . The dotted line indicates the best fit to the observed data points, assuming that the UV flux remains constant at t > +30 d. A flat contribution at late times was evidenced by the UV data of SN 2001el from the HST archive (see Fig. 14 in Stanishev et al. 2007 ). The UV contribution is found to be generally a few percent of the optical in SN 2005cf, with a peak (∼10%) at around the B maximum. Three weeks after the maximum, the ratio remains at a level of 3-4%. It is also interesting to estimate the ratios of the optical fluxes to the bolometric fluxes, as most SNe Ia were not observed in the UV or the NIR bands. These ratios are useful for correcting the observed optical luminosity to the bolometric luminosity. Figure 23 shows the correction factors (defined as the missing fraction of the observed flux relative to the generic uvoir bolometric luminosity) obtained from SN 2005cf; one can see that the bolometric luminosity is dominated by the optical fluxes. The missing flux beyond the optical window is about 20%, with a slightly larger fraction at t ≈ +30 d due to the appearance of the secondary maximum in the NIR. The corrections, based on the fluxes in the U BV RI, BV RI, BV I, BV , and V bands, are also shown in the plot. We note that the bolometric correction for the V filter exhibits the least variation with time: the overall variation is less than 4% before t ≈ +30 d, and at later phases the correction stays nearly constant. This validates previous assumptions that the V -band photometry can well represent the bolometric light curve, in particular at later phases, at a constant fraction of about 20%. With the derived bolometric luminosity, we can estimate the synthesized 56 Ni mass -one of the primary physical parameters determining the peak luminosity, the light curve width, and the spectroscopic evolution of SNe Ia (e.g., Kasen et al. 2006) . Assuming the Arnett law (Arnett 1982; Arnett et al. 1985; Branch 1992) , the maximum luminosity produced by the radioactive 56 Ni can be written as (Stritzinger & Leibundgut 2005) L max = (6.45e
(1) where t r is the rise time of the bolometric light curve, and M N i is the 56 Ni mass (in units of solar masses, M ⊙ ). With the photometric data in the R band and our earliest unfiltered data from the database of the KAIT survey, we estimate the rise time to the B maximum as 18.4 ± 0.5 d. Inserting this value and the maximum bolometric luminosity into the above equation, we derive a nickel mass of 0.77 ± 0.11 M ⊙ for SN 2005cf. This is within the reasonable range of 56 Ni masses for a normal SN Ia. The quoted error bar includes uncertainties in the rise time and in the peak luminosity.
The lower bolometric luminosity and smaller nickel mass obtained by P07 is primarily due to the neglected host-galaxy extinction for SN 2005cf in their analysis. Table 13 lists all of the important parameters for SN 2005cf and its host galaxy, as we derived in the previous sections.
DISCUSSION AND CONCLUSIONS
In this paper we present extensive optical, UV, and NIR photometry as well as optical spectroscopy of SN 2005cf. In particular, the photometric observations in the optical bands were extremely well-sampled with numerous telescopes. To minimize systematic deviations from the standard system, we carefully computed the Scorrections and applied them to SN 2005cf. Photometry without such corrections may potentially lead to a noticeably inconsistent measurement of the reddening, which makes precise extinction corrections difficult.
The Swift UVOT optical photometry is found to be consistent with the ground-based observations to within 0.05 mag, after applying the S-corrections. The Swift UVOT UV uvm2 and uvw2 photometry is relatively close to that of HST ACS F220W and F250W, respectively, with a small shift of up to 0.1-0.2 mag.
Our observations show that SN 2005cf is a normal SN Ia with a typical luminosity decline rate ∆m 15 (true) = 1.07 ± 0.03 mag. Based on the V − JHK colors and the refurbished Color-∆m 15 relations, we estimated the host-galaxy reddening of E(B−V ) host = 0.09±0.03 mag, which is small but non-negligible. The NIR light curves closely resemble those of normal SNe Ia, with a prominent secondary maximum. One distinguishing feature is the UV luminosity in the 2000-2500Årange which appears much fainter and peaks later than that of the neighboring bands. This is likely caused by intrinsic spectral features in the UV, an explanation favored by the evolution of the SED.
The comprehensive data, from UV to NIR bands, allow us to establish the uvoir bolometric light curve of SN 2005cf in the 1600-24,000Å range. The maximum bolometric luminosity is found to be (1.54 ± 0.20) × 10 43 erg s −1 , corresponding to a synthesized nickel mass of 0.77 ± 0.11 M ⊙ . The bolometric luminosity is dominated by the optical emission; the UV contribution is found to be a few percent of the optical, and the peak value (∼10%) occurs at around maximum light. The NIR flux contribution shows more complicated temporal evolution: the ratio decreases from the beginning of the explosion and reaches a minimum of ∼5% at t ≈ +5 d; it then rises up to a peak value of ∼20% at t ≈ 35 d, and finally declines in a linear fashion.
In general, the optical spectra of SN 2005cf are similar to those of normal SNe Ia. Strong HV features are distinctly present in the Ca II NIR triplet and the Ca II H&K lines; these are detached from the photosphere at a velocity ∼19,000-24,000 km s −1 . A HV Ca II feature is commonly seen in other SNe Ia, while the flat-bottomed shape of the Si II λ6355 line is relatively rare perhaps due to the paucity of the very early spectra. The excellent temporal coverage of the spectra of SN 2005cf reveals that either the flat-bottomed feature or the triangularshaped feature associated with Si II λ6355 in some SNe Ia might be due to contamination by another HV absorption component, such as the pure Si II shell.
Although HV absorptions of Ca II and Si II are observed in many SNe Ia, they diverge in strength and du-ration. For instance, the HV features are very strong in SN 2005cf and SN 2001el, remaining until a few days after B maximum, whereas they are relatively weak in SN 2003du and SN 2005cg and becomes marginally detectable around B maximum. Given a common origin of the HV absorption from the aspherical ejecta (e.g., a torus or clumps), the diversity in strength of the HV features could be interpreted by a line-of-sight effect (see also Tanaka et al. 2006) . Aspherical structure of the ejecta is favored by the evidence that the degree of polarization for the line features in SN 2001el is much higher than that for the continuum (Wang et al. 2003; Kasen et al. 2003 ; see also Chornock & Filippenko 2008 . It is thus interesting to examine whether the strength of the HV line features correlates, at least for a subset of SNe Ia, with that of the line polarization. Unfortunately, similar high-quality polarimetric measurements at early phases are sparse for SNe Ia (but see Wang et al. 2007 ). Obviously, polarization spectra obtained from the very beginning would allow us to penetrate the layered geometrical structure of the SN ejecta as well as the immediate environment surrounding the explosion site.
The well-observed, multi-wavelength data presented in this paper makes SN 2005cf a rare "golden standard" sample of normal type Ia supernova, which could be used as a testbed either for the theoretical models of SN Ia, or for the studies of the systematic errors in SN Ia cosmology.
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where F (λ) is the filter transmission function, A(λ) is the transparency of the Earth's atmosphere, and QE(λ) is the detector quantum efficiency. The atmospheric transmission at the sites where it is not directly available was obtained by modifying the standard atmospheric model (Walker 1987) to be consistent with the average broadband absorption coefficients. Here we did not include the mirror reflectivities, dichroic transmission, or dewar window transmissions due to the absence of this information. Various instrumental responses, normalized to the peak transmission, are shown in Figure 2 .
To check whether the instrumental response curves match those actually used at the telescopes, we computed the synthetic magnitudes and hence the color terms by convolving the model curves with a large sample of spectrophotometric standard stars from Stritzinger et al. (2005) . The resulting synthetic color terms are generally consistent with the values listed in Table 1 of the main text, but small differences are present. The differences are probably due to the mirror reflectivities, dichroic mirror transmission, or other unknown transmissivity of the optical elements. Following the method proposed by Stritzinger et al. (2002) , we shifted the wavelength of the model response curves in order to reproduce exactly the measured color terms. The wavelength shifts of different instrumental responses are given in Table A1 . They are usually 100Å, except in the R and I filters at the CTIO 1.3 m telescope where the required shifts are 128Å and 377Å, respectively. With proper model response curves and better spectral coverage for SN 2005cf, we are able to compute the Scorrections using
where M λ1 is the λ1-band SN magnitude synthesized with the Bessell function, and m λ1 and m λ2 are (respectively) the λ1-band and λ2-band magnitudes synthesized with the instrumental response function. The color term is CT λ1 , and ZP λ1 is the zeropoint, which can be determined from the spectrophotomeric standards with a precision close to 0.01 mag. However, since the spectra of SN 2005cf taken 1-3 months after B-band maximum did not have adequate wavelength coverage and were sparsely sampled, we also used the spectra of SN 2003du (Stanishev et al. 2007 ) to compute the S-corrections during that phase. In order to estimate the corresponding S-corrections at any epochs without photometry, a polynomial function was used to fit the data points shown in Figure 3 . The resulting S-corrections are listed in Table A2 (columns 4-8).
Owing to a redshift effect on the spectral energy distribution, we further computed the K-corrections for SN 2005cf in the optical bands. The K-corrections, based on the response curves of the Bessell filter band and the observed spectra of SNe 2005cf and 2003du, are listed in Table A2 (columns 9-13). Except in the U band, the K-corrections are generally small, 0.02-0.03 mag around maximum brightness, and they depend on the supernova phase. 
